The shared control system is a modular real-time system designed to execute complex tasks through the intelligent coordination of task modules. A state machine is used to control task sequencing, and due to the automatic switching, the accuracy and reliability with which tasks are executed, is greatly improved. Tasks consist of sets of independent, modular, and reusable subtasks whose outputs are combined to create the control. This system has proved itself useful for rapid development of reliable high level multiple sensor based manipulation and control tasks. Additionally, we have integrated a neural network based visual servoing system, a semi-compliant Cartesian trajectory following heuristics, and a real-time graphical user interface in the system. The shared control system was implemented for the Self-Mobile Space Manipulator (SM 2) to handle a range of tasks associated with locomotion, manipulation, and material transportation on Space-Station Freedom.
Telerobotic System: SM 2
In future space exploration, robotic technology will be vital in helping or replacing astronauts for various tedious and dangerous extra-vehicle-activities (EVA). For a space-robot system, because of the complexity of tasks and uncertainly of environment, the control system must incorporate both model-based autonomy and human-supervised teleoperation. The software architecture of such a control system is the so-called shared control of teleoperation and autonomy. Considerable research and development efforts have been directed to this area, such as [5] [6] [7] [8] .
Since 1989, we have been developing the Self-Mobile Manipulator (SM 2) which is a walking robot to assist astronauts on the Space-Station Freedom and other space structures in performing construction, maintenance and inspection tasks. It has end-effectors for attachment, and can step from point to point to move freely around the exterior of space structures. SM 2 can replace EVA astronauts in performing tedious or dangerous tasks, and can be deployed quickly to investigate emergency situations. It is simple and modular in construction to maximize reliability, simplify repairs and minimize development time. SM 2 A. DOUGLAS AND Y. XU is lightweight, so it can operate with minimum energy and disturbance to the structures.
Over the past four years, S M 2 has progressed from concept, through hardware design and construction, to software development and experiments with several versions of the robot. During the first year, we developed a concept for robot mobility on the space-station trusswork, and experimentally tested a variety of control algorithms for simple one-, two-and three-joint robots. During the second year, we developed a simple, five-joint robot that walked on the tubular-strutand-node structure of the original Space Station Freedom design, and a gravity compensation system that allowed realistic testing in a simulated zero-gravity environment. The third-year work focused on development of the manipulation function; we added a part-gripper and extra joint at each end of the robot, and developed control software [1] [2] [3] . Photographs of S M 2 and its configuration in carring a long strut on the tubular-strut-and-node structure are shown in Figures 1  and 2 .
During the fourth year of the project, in response to the changing design and needs of the Space Station, our focus has shifted to adapting S M 2 to new Space-Station trusswork and specializing it as a mobile inspection robot to augment the fixed video cameras planned for the Space-Station Freedom. System changes, to enable this function on the new I-beam-truss Space-Station Freedom design, encompass the truss mockup; robot configuration and end-effectors; gravity compensation system; and control software, including shared-control, neural-network-based vision and graphics simulation.
The robot's size and configuration have been adjusted to a accommodate the new truss structure. S M 2 now has seven joints ( Figure 3 ) one at the elbow and three at each end (Figure 4) to allow out-of-plane motions needed for stepping from one truss face to another, while preserving the robot's symmetry to simplify control. Joints are self-contained and modular, so a minimum inventory of parts is needed for joint repair or replacement. The robot links are long enough to permit stepping between adjacent longerons. At each end of the robot is a three-fingered gripper for grasping the truss I-beam flanges. Finger separation is measured by a linear potentiometer, while motor current is sensed to indicate grasp force. Contact switches on the three fingers verify the grasp. Capacitive proximity sensors at the base of the fingers are used to sense beam proximity, and can be used for aligning the gripper with the beam.
To facilitate a variety of tasks that S M 2 is designed to perform, we developed a real-time shared control system. The shared control system shares the capabilities of teleoperation and autonomous control. From the real-time control point of view, the shared control function needs an architecture that allows multiple tasks to be executed simultaneously. By combining task model-based control with sensor-based control, the system enables the robot to perform dynamic sequences of tasks that range from teleoperational to semi-autonomous to fully autonomous such as trajectory tracking, ORU placement, beam grasping, beam following, and global locomotion.
